Abstract -Streptococcus thermophilus is a lactic acid bacterium widely used for manufacturing milk products. The protein composition of three strains of S. thermophilus grown in either M17 medium or milk was investigated. These conditions were chosen on the basis of the observed technological differences between these strains. Protein extracts prepared from cells harvested at the same pH (5.2 ± 0.1), were analyzed by two-dimensional gel electrophoresis. Gel comparison revealed qualitative and quantitative differences between the two growth media and between the strains. Some proteins with quantitative variation were partially identified. The most significant medium-related differences concerned the number of spots detected and the heat shock protein (GroEL, HSP70) levels which were higher in milk than in M17. On the contrary, the levels of enzymes (proton translocating ATPase, pyruvate kinase, tributyrin esterase, phospho-glycerate kinase, glyceraldehyde-3-phosphate dehydrogenase, fructose diphosphate aldolase, superoxide dismutase) and of a putative penicillin binding protein were lower in milk than in M17. Strain-related differences were accentuated in milk for heat shock proteins, tributryrine esterase and dinitrogenase reductase.
INTRODUCTION
The dairy industry relies on reproducible, controlled and predictable fermentations, but variations in starter culture performance are not uncommon and require direct on-line action. Among lactic acid bacteria, Streptococcus thermophilus is used for yogurt production as well as starter culture for many cheeses. It is mainly used as lyophilized or frozen cultures. In Emmental cheese making, S. thermophilus is implicated in early events leading to initial acidification. Acidification is then completed by thermophilic lactobacilli that ferment the galactose excreted by S. thermophilus [1] . The properties of final products depend on the capacities of each strain making up the starter. However, the technological properties and genomic homology of strains have not been related. It has been observed that strains of S. thermophilus closely genetically related present various performances in cheesemaking. Consequently, cellular events taking place in milk and in dairy products are important.
2D-PAGE is widely used for studies on protein composition or proteomes of numerous cells [34] . We have previously established the 2D reference map and described the proteome of S. thermophilus grown in buffered M17 medium [25, 26] . However the proteome of S. thermophilus grown in milk has never been studied. For the first time the early protein synthesis of Lactobacillus delbrueckii ssp. bulgaricus cultured in milk was described by Rechinger et al. [29] .
Recently, Chopard et al. [8] have confirmed that proteolytic enzymes from thermophilic lactobacilli are induced in milk as described by Ezzat et al. [15] and Exterkate [14] . Consequently, the performances of strains in milk have to be evaluated.
The present work compares the proteomes of three strains of S. thermophilus isolated from dairy starters, grown in milk and in M17 medium. The purpose of this study was to identify reliable protein indicators of the state of the strains in milk which will be useful for industry.
MATERIALS AND METHODS

Strains of S. thermophilus
The strains used were: CNRZ407, isolated from yogurt commercial starter (INRA, Jouy-en-Josas, France), ITGST80 and ITGST82, isolated from natural starters of Emmental cheese (Syndicat Interprofessionnel du Gruyère Français, SIGF, Paris, France). Identification of strains such as S. thermophilus was confirmed by RAPD with two primers, BO6 and B10 (URLGA, INRA Jouy-en-Josas, France) [32] . Their genomic homology was 646 C. Guimont et al.
below 90%. Strains harbored no plasmid. Glucide fermentation by strains was analyzed with API 50 CH strips (Biomérieux, Marcy l'Étoile, France). Acidifying activity was detected in milk "laitg" at 44 o C with standardized cellular suspensions, as described by Chamba and Prost [7] .
Growth conditions
The milk medium, constituted by 10% milk called "laitg" (powder of skimmed milk sterilized by ionization) (Standa, Caen, France) [7] in sterilized distilled water, was centrifuged (10 min, 8000 × g, 10 o C). Overnight precultures in milk were prepared from stock cultures of strains and then used to inoculate (2%) M17 and milk. Cell cultures in M17 at 42 o C were made as described [19] and stopped at the extracellular (pHe) value of 5.2 ± 0.1. Cell cultures in milk with added bromocresol purple (0.016%) were made at 42 o C and stopped at the color variation of bromocresol purple (pHe value 5.2 ± 0.1). To recolt the cells, 0.33 vol of 1 mol·L -1 trisodium citrate and 0.13 vol of buffered saline solution (0.145 mol·L -1 sodium chlorure, 0.016 mol·L -1 sodium β-glycerophosphate, 0.1% Tween 80, pH 7.0) were added to the cultures in accordance with the protocol developed by Chopard et al. [8] . After 20 min at ambient temperature, cells were harvested by centrifugation (7 min, 4000 × g, 4 o C).
Preparation of soluble cytoplasmic protein samples
Cell pellets were washed three times in sterile extraction buffer pH 7.0 (0.005 mol·L -1 sodium phosphate, 0.001 mol·L -1 EDTA, 0.001 mol·L -1 β-mercaptoethanol) and stored at -20 o C. Raw cytoplasm was extracted from cells as described [19] and centrifuged at 20000 × g for 20 min at 4 o C. A 260 /A 280 and ribosome quantity (determined from A 260 value) were determined in the supernatant (S20). Protein content in S20 was determined (3 measures on 3 dilutions of each sample) by the method of Bradford [5] . S20 was lyophilized and stored at -20 o C in100 µg aliquots.
2D-PAGE and data analysis
of 2D gels 2D-PAGE were performed as contract work by the GSI Proteomics division of the Genomic Solutions Society (Genomic solutions, Chelmsford, MA, USA) with the Investigator TM 2-D system. The first dimension gels were IPG strips (4-7L, Amersham Pharmacia Biosciences, Piscataway, NJ, USA) with pI range 4-7. Because there was always some dead space at the ends of any strip, effective linear range was 4.3-6.7. The second dimension gels were 10% Duracryl, tricine chemistry (22 cm × 23 cm × 1 mm) SDS polyacrylamide gels. The gels were silver-stained, scanned and their images were analyzed using the Bioimage TM 2-D analyzer software (Millipore, Ann Arbor, MI, USA) as described [26] . Background subtraction, integrated intensity calculation (volume of the spot) and normalization of spot volumes (% of the total volume scored) were determined. Gel comparisons were performed through a chosen master gel (a gel of the strain ITGST82) and manually selecting 30 common spots as anchors. Only consistent protein spots were retained for analysis. In order to account for the experimental quantitative variations, gels for each strain grown in M17 were performed with other IPG strips (pI range 3-10). The mean standard deviation on the integrated intensity of the same spots separated in 4-7 and 3-10 pI ranges was calculated and it was ± 0.23. The intensity ratio of a defined spot in the gels from two experiments indicated the change in expression level of the corresponding protein under the two conditions. A ratio of 2-3 was considered significant for silverstained gels. The quantitative differences of the selected candidate proteins were also verified using the Melanie II system (Biorad, Hercules, CA, USA). The standard deviation on the intensity ratio of the matched spots between the two conditions (milk/M17) was calculated and it was ± 0.17. Data analysis was performed using MS Excel. TIF images were imported into MS PowerPoint for the addition of text and a coordinate system.
Identification of proteins by peptide mass fingerprinting and N-terminal sequencing
After western blotting of the 2D gels as described [25] , spots of selected proteins were excised and stored at -20 o C in eppendorf tubes. The N-terminal sequence analyses were performed as contract work by the SCSP service (Université Henri Poincaré, Nancy I, France). The tryptic digestion of spots and the MALDI-TOF mass spectrometry analysis of tryptic digests were performed as contract work by the URBSP service (INRA, Jouy-en-Josas, France).
Database searches
A database search with the N-terminal protein sequences was performed against the NCBInr (http://www.ncbi.nlm.nih.gov/) and MICADO (http://locus.jouy.inra.fr/micado) databases using the Blast and FastA programs.
A database search with the monoisotopic masses of the tryptic peptides was performed against the NCBInr database using the MS-Fit search program (http://prospector. ucsf.edu/ucsfhtml3.2/msfit. htm).
RESULTS
Characteristics of the strains
A protocol was developed to prepare the protein samples without major milk protein contamination, because production of lactic acid during growth leads to precipitation of milk proteins. The 1-D protein profiles of the three strains did not show bands at the migration zone of the major proteins of the milk (caseins and whey proteins) used as migration control (data not shown). The ITGST80, ITGST82 and CNRZ407 strains were chosen because they have physiological and technological differences. The three strains fermented glucose, lactose and sucrose and, additionally, ITGST80 and ITGST82 fermented fructose. CNRZ407 had no urease activity. Their acidifying potential in milk at 44 o C (temperature close to the optimum growth temperature of S. thermophilus) was different (Fig. 1 ). ITGST82 had a strong acidifying activity, while that of ITGST80 was very low and that of CNRZ407 was intermediate. 
Protein profiles of the strains grown either in M17 medium or in milk
The soluble cytoplasmic protein extracts were analyzed by 2D-PAGE with a linear gradient of pI 4-7 chosen in relation to our previous results [26] . The 2D protein profiles are given in Figures 2 and 3 . Approximately 500-600 spots were counted in the gels with the image analyzer software. The average number of spots detected for the strains cultured in milk was higher (576 ± 33) than that obtained for the strains cultured in M17 (505 ± 40). ITGST82 exhibited the greatest increase in the number of spots (+34%) in milk in comparison with M17 medium. In M17, the protein profiles of the three strains were relatively homologous and the spots were focused in the pI 4.6-5.7 range (Fig. 2) . In milk, the 2D protein profiles were less homologous and showed the presence of numerous proteins in the pI 5.7-6.7 zone (Fig. 3) . ITGST80 (Fig. 3A) showed a characteristic profile with only few proteins in the pI 5.7-6.7 zone and a train of proteins of 30 kg·mol -1 . Here, we could observe a large smear in the 21 kg·mol -1 zone which agrees with the patterns previously obtained in stationary phase [19] but also with the patterns of additional milk proteins in L. delbrueckii ssp bulgaricus cultured in milk [29] . ITGST82 had the largest number of proteins in the pI 5.7-6.7 zone with proteins of molecular mass of 60-30 kg·mol -1 (Fig. 3B , rectangular box).
Identification of protein spots with quantitative variation related to the growth medium
Numerous matching spots exhibited intensity variations (up or down), comparing M17 and milk culture conditions. Fifteen of them were selected for identification (Figs. 2, 3 ). Among these, 5 have been already identified (Fig. 2B, [25] ). Identification was carried out for the others (Tab. I, Fig. 3) . Table I lists all the data on the spots as well as data from the N-terminal sequencing, the peptide mass spectrometry analysis and results from protein databases. The N-terminal sequences deprived of Met residue, as previously shown [25] , and a minimum of eight matching peptides were used for a protein search. The protein search considered members from all bacterial species and therefore certain proteins were identified from other species. In 650 C. Guimont et al. The positions of molecular mass markers and isoelectric points on the gels are indicated. Table I . Identification of proteins corresponding to spots with quantitative variation related to growth media (Fig. 3) . cross-species identification, wherever possible, preference went to lactic acid bacteria or Streptococci. For spots No 672, 686 and 705, the N-terminal sequences were identical to the internal sequences of corresponding proteins. As seen in Table I , the function of proteins may be deduced from those of known proteins with which they were partially identified. 
N-Terminal sequencing
Differences in the protein levels between medium and strains
The levels of the identified proteins were quantified and the results (as arbitrary units) are given in Figure 4 . For the three strains, a small increase in the level of the heat shock proteins (HSPs) HSP70 and 60 kg·mol -1 heat shock protein (GroEL) was observed in milk. On the contrary, a decrease of 1.5 to 7 times in the mean level of the enzymes (H + -ATPase, PK, TE, PK, glyceraldehyde-3-phosphate dehydrogenase [GAPDH], fructose-diphosphate aldolase [FDA], superoxide dismutase [SOD]) and of the putative PBP were observed in milk compared with the M17 medium (Figs. 4A,  4B ). Heterogeneity in protein levels was observed between strains and inter-strain variability was seen to be accentuated in milk (Fig. 4B) . In milk, ITGST82 underexpressed TE (7 times) and the HSPs (2.8 times) while CNRZ407 over-expressed PK (2 times). ITGST80 over-expressed DR (10 times), GTF (8 times), M type 32 protein precursor [M protein] (> 8 times), GroEL (3 times), and under-expressed the FDA (2 times) and the PBP (2 times). Because of the technology limitations (see Sect. 2.4) some variations seemed to be not significant.
DISCUSSION
The lactic acid bacteria used in the dairy industry have various technological properties, particularly an acidifying potential. The ITGST80, ITGST82 and CNRZ407 strains were chosen for their different acidifying activity. The use of culture medium such as M17 enriched in yeast extracts, vitamins, peptones, etc., enables highly demanding lactic acid bacteria such as S. thermophilus [10] to grow well. Since lactic acid bacteria produce lactic acid, their growth rate depends on their level of resistance to extracellular pH stress [2, 13, 24] which explains, among other things, their diverse acidification rates. The M17 is strongly buffered (β-glycerophosphate, 19 g·L -1 ) and therefore enables a high biomass. However, this biomass produces much more metabolites, including lactic acid, which leads to acidification of the medium. This explains the option developed here to study the proteome of S. thermophilus expressed in its industrial medium, which is milk. Due to 652 C. Guimont et al.
the difficulty of assessing the bacterial growth phase in milk by measuring optical density, the sampling time of cells in media was chosen to be the time where the color of the pH indicator changed (5.2 ± 0.1). This pH corresponds to the end of the exponential growth phase of the strains studied (data not shown).
The number of spots detected was higher (576 ± 33) for the cells grown in milk than for the cells grown in M17 (505 ± 40) (Figs. 2, 3) . Interestingly, this increase was due to the presence of proteins in the pI range 5.7-6.7. This highlights the importance of the milk environment in the expression of more basic proteins [26] the knowledge of a greater number of S. thermophilus proteins whose genome codes for about 1500 proteins [22] . For example, 41% of the 1500 proteins were detected with ITGST82 in milk. Proteins seemed to be resolved better into discrete spots in milk (Fig. 3) than in M17 conditions (Fig. 2) and this could be related to the non-denaturated state of these proteins. One ambiguity remains, however, about the pattern of ITGST80 cultured in milk (Fig. 3A) because a large smear in the 21 kg·mol -1 zone could be explained by additional milk proteins, as described by Rechinger et al. [29] .
Elucidating the state of S. thermophilus in milk requires knowledge of the function and regulation of expression of proteins. Some proteins exhibiting level differences in milk culture conditions were partially identified (identity below 60%). The expression of the HSPs (GroEL, HSP70) is a characteristic marker of lactic acid bacteria to conditions of temperature [3, 28, 35] and acid stress [23, 24] . In milk, ITGST82 under-expressed GroEL and HSP70 whereas CNRZ407 and ITGST80 over-expressed them. In addition, GroEL was highly expressed whereas HSP70 was expressed at a lower level in milk. This is in agreement with the differential induction of HSPs by Lactobacillus delbrueckii ssp. bulgaricus under stress conditions [23] . The level of H + -ATPase characteristic of acid stress response [21] was lower in milk but it was always greater for ITGST80 which already over-expressed GroEL. Unlike ITGST82, ITGST80, which produced exopolysaccharides (Guimont, data not shown), had a high level of GTF both in M17 and in milk (Fig. 4) . Stingele et al. [31] , Cerning and Marschall [6] and Van Kranenburg et al. [33] have shown that the production of exopolysaccharides by S. thermophilus and the lactic acid bacteria is dependent on the genes of the eps locus coding for proteins similar to GTF. Bourgouin et al. [4] have shown the variability of the regions of the eps locus depending on the S. thermophilus strains and Faber et al. [16] , De Vuyst et al. [11] , Degeest and De Vuyst [12] and Petry et al. [27] have shown the influence of culture conditions on the quantity and size of exopolysaccharides produced by lactic acid bacteria. For ITGST80, the PBP putative protein, whose gene is connected to exopolysaccharide production [31] , was expressed 7 times lower in milk than in M17 (Fig. 4) .
Interestingly, ITGST80 overexpressed a putative dinitrogenase reductase in milk. This could be related to the active role of this type of metalloprotein in the redox potential since DR are regulated by redox conformational changes [21] . In a complex medium such as milk, numerous redox systems are present and oxydo-reduction is known to potentially modify the development growth capacity of cells [9] . TE has already been highlighted in other lactic acid bacteria (Lactobacillus helveticus, Lactococcus lactis) where it seems to beinvolved in the phospholipid metabolism or in vivo cell detoxification, or both [17] . For the first time, the variation in the level of this enzyme was evidenced depending on the medium and on the strains (level 7-times lower for ITGST82 in milk). Finally, protein No 435 seemed a little homologous to a precursor of the M protein precursor of Streptococcus pyogenes. This protein is in part homologous to the envelope proteinase (PrtS) of S. thermophilus [18] and also binds milk plasminogen and plasmin [20, 30] .
CONCLUSION
This work documents that proteomics can provide new information comparing the proteins associated with growth of different strains of S. thermophilus either in M17 medium or in milk. However, some minor differences in the intensity and 654 C. Guimont et al.
partial identification of these proteins were limiting. Overall these data indicate that strainrelated differences were accentuated in milk. Reliable indicators (basic proteins, HSPs, DR, TE) seem to show an unstressed strain (ITGST82) and a stressed strain (ITGST80) adapted or not to dairy conditions.
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